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ABSTRACT

A propellant quantity gaging system for auxiliary propulsion systems
utilizing earth storable propellants has been investigated. The gaging
system utilizes a sensor and associated logic to determine the flow through
the engine solenoid valves. A major advantage of this system is that it
does not breach the electrical or propellant circuits of the propulsion
system in any way. Multiple engines firing simultaneously to identical or
different duty cycles may be monitored. The gaging system provides a
digital output of the propellant remaining in the propulsion system at any
time.

A breadboard and flight weight version of the gaging system were
fabricated and used to demonstrate operation to typical space requirements.
Analysis of mission errors and gaging system verification tests with a
22 1b thrust bipropellant engine demonstrated that a system accuracy of
better than 2% can be obtained.
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SUMMARY

The Propellant Quantity Gaging System (PQGS) is a device designed to monitor
the propellants used by a bipropellant reaction control system and furnishes a
digital readout of the system propellant remaining at any time during the mission.
The gaging system was designed to operate with an auxiliary propulsion system
similar to that planned for the “wet concept" Orbital Workshop.

In operation the gaging system measures the duration of engine firing by
detecting the magnetic field generated when the engine solenoid valves are ener-
gized., This signal is processed in the sensor module electronics and provides a
signal to decrease the count of the display module for each 0.1 pounds of propel-
lant used by the engine. The sensing elements are based on the Hall effect
principle and do not breach the propellant or electrical circuits of the propul~
sion system. The PQGS logic includes a compensation circuit which accounts for
the higher initial flow that occurs during starting transients, This provides an
accurate means of compensating for the transient flow that is important during
short pulse width firings. The system is capable of monitoring engines firing
individually or simultaneously to identical or to different duty cycles. The
present PQGS uses one sensor per engine which may be used on either the fuel or
oxidizer valve. The flight weight PQGS fabricated during the program was
built to accommodate a system with three 22 1b thrust engines although the system
may be expanded for any number of engines or engine sizes,

The accuracy of the PQGS is primarily dependent on the flow characteristics
of the engine and the consistency and repeatability of the characteristics over
the mission operating ranges and environments. The analysis of PQGS accuracy
has been made for the Marquardt 22 1b thrust (model R-1E) engine operating to the
requirements of the wet orbital workshop. Factors considered in the analysis are:

Loading accuracy

Engine to engine repeatability »
Engine operating mode - steady state and pulsing
Propellant pressure

Propellant temperature

Engine valve voltage

The characteristics of the R-1E engine have been well documented over the ranges
of interest to provide influence coefficients data., These data were used in a
Monte Carlo analysis to predict a 3 sigma value for PQGS accuracy during a
mission of + 1.9%.

The first task in the PQGS program was the fabrication of a breadboard
version of the PQGS. This unit was based on a unit developed during previous
in-house test programs and used components and techniques contemplated for a
flight weight version. The breadboard PQGS was subjected to bench tests at
temperature extremes of 20°F and 120°F using a solenoid valve similar to the
valve used on the R-1E engine. These tests indicated the need for several
circuit modifications. The amplifier for the Hall effect sensor output was
replaced with a higher gain amplifier because of excess temperature drift.
The low temperature data also pointed out the need for voltage regulatlon in

the voltage supply to the Hall effect sensors.



Operation of the breadboard PQGS was satisfactory in tests made at valve electrical
pulse widths from 0.065 seconds to steady state operation and at the temperature
extremes. A maximum error of 1.967% was indicated; occurring at the low tempera-
ture condition and at the minimum pulse width of 0.065 seconds.

The PQGS circuit modifications generated during the breadboard system tests
were incorporated into the flight weight system. General characteristics of the
completed flight weight PQGS are:

Weight - 2.4 pounds

Volume of electronic modules - 44 cubic inches
Voltage - 24 to 32 V d-c

Power - 5 watts at 25 V d-c

Maximum propellant indication - 999.9 1b
Minimum resolution - 0.1 1b

Number of sensors - 3

Checkout, calibration and bench test evaluation of the flight weight PQGS were
completed satisfactorily.

Evaluation tests of the flight weight PQGS were conducted with a Marquardt
model R-1E 22 1b thrust bipropellant engine. The flow and valve characteristics
of this engine were used to calibrate the PQGS during bench tests. The engine
test was conducted at sea level conditions using two of the Hall effect sensors
each being mounted on one of the engine solenoid valves (fuel and oxidizer),
thus providing an evaluation of the PQGS simulating two engines firing to the
same duty cycle. Tests were conducted over the following conditions:

Pulse width from 0,065 seconds to 10.0 seconds

Pulse frequency up to 12 cps at 0.065 seconds pulse width
Engine valve voltage from 21 to 32 V d-c

Propellant temperatures from 20 to 120°F.

The cumulative error between the measured flow and that indicated by the
PQGS did not exceed 1% during the evaluation tests and the final error, after
445 seconds of engine operation and 4,276 engine starts, was 0.4%.

The PQGS demonstrated the ability to accurately measure propellant flow in
a bipropellant reaction control system over § range of operating conditions
typical of a space mission, Recommendations are made to improve PQGS accuracy and
to extend the sensing technique to the detection of solenoid valve malfunction.

INTRODUCTION

In spacecraft utilizing an auxiliary propulsion system for orientation and
attitude control, a propellant gaging system is required to provide a continuous
monitor of the propellant remaining at any time during the mission. The gaging
system used on the attitude propulsion systems of the Apollo service and lunar
modules utilized the changes in pressure and’ jtemperature of the fixed volume pressurant
tanks for this purpose. Other more accurate gaging systems employing radiation or



acoustic methods have been demonstrated but have not been fully developed for
space vehicles,

Under National Aeronautics and Space Administration (NASA Contract NAS8-21488)
The Marquardt Company designed, fabricated and tested a Propellant Quantity Gaging
System based on the predictable and repeatable flow characteristics of bipropellant
reaction control engines. Work under the contract included the analysis and con-
struction of a breadboard gaging system which was used to evaluate eircuit per-
formance at high and low temperatures. A subsequent flight weight system was
constructed and evaluated in engine tests under engine operating conditions typi-
cal of an Orbital Workshop. The unit was designed to provide an accuracy of + 3%
during a one year mission when used in an auxiliary propulsion system using the
Marquardt model R-1E 22 1b thrust reaction control engines. The gaging system
principle is applicable to other solenoid operated flow control devices for which
adequate flow~time data is available.

The effort associated with this contract was conducted at The Marquardt
Company facility Van Nuys, California during the period April 1969 through
December 1969. '

DESCRIPTION
Propellant Quantity Gaging System

The propellant quantity gaging system as shown in Figure 1 is composed of
three basic elements:

Hall effect sensors
Sensor module
Display module

Information on the state of the engine propellant valves is collected by the engine
operation sensors attached to the outside of the propellant valve bodies. These
sensors are based on the Hall effect and provide a voltage output whenever mag-
netic field in the propellant valve is built up.

The outputs of the Hall effect sensors are processed by signal conditioning
amplifiers and then used to gate clock pulses into a counter that accumulates a
count proportiomnal -to the amount of propellant used. Compensation for the flow
transient at the start of each pulse firing is provided by gating additional
pulses to the counter for a short period at the start of each firing. This is
accomplished by one-shot gate generating circuits that are triggered at the
beginning of each engine firing.
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The clock pulses fed to the' individual engine operation sensing gates are
staggered in time so that the counter can accumulate them independently even
in the case of multiple engine firing. This is accomplished by starting with a
master clock frequency eight times higher than the frequency of the pulses fed
to the individual gates. The train of master clock pulses is then processed by
a divided by 8 counter which directs pulses 1, 9 and 17 to the first gate, pulses
2, 10 and 18 to the second gate, etc.

The pulses transmitted through the operation sensing gates and transient
compensation gates are fed to an electronic countdown circuit which generates
one output pulse each time it reaches a maximum preset count and is reset. Each
output pulse decreases the magnetic counter display by one unit representing 0.1
1bs of propellant used.

The detailed operation of the PQGS is illustrated by the block diagram of
Figure 2 and by Figure 3 which shows the voltage wave shapes at various points in
the circuit during a time when two engines are being fired. TFigure 3 shows the
propellant valve electrical signals, the engine flow transients, the output of
the engine operation sensors and the processes that convert the operation sensor
outputs into a change in the indication of the quantity of propellant remaining.

When engine No. 1 is actuated, the magnetic flux from its oxidizer valve is
sensed by the Hall effect sensor attached to the outside of the propellant valve
body. The output of the Hall effect sensor is amplified and shaped by its signal
conditioning amplifier into a square pulse whose duration is equal to the duration
of the engine firing. This pulse is transmitted both to the engine operation
sensing gate for engine No. 1 and to the differentiating circuit used to sense
the beginning of a firing.

The differentiating circuit generates a single pulse at the start of the
engine firing when it senses the leading edge of the pulse produced by the signal
conditioning amplifier. This pulse is used to trigger the one shot circuit for
engine No. 1 which produces a single pulse of fixed duration each time it is
triggered by the output of the differentiating circuit. Both the engine opera-
tion sensing pulse and the pulse from the one shot (indicating the start of an
engine firing) are fed to gating circuits designed to transmit clock pulses to
the counter when a gating signal is present at the gate input.

During the period at the beginning of the engine firing, clock pulses are
transmitted to the counter from both gates. When the one-shot generated pulse
is complete, clock pulses are no longer allowed through the transient compensation
gate., Clock pulses continue to flow to the counter through the engine operation
sensing gate until the engine firing is terminated. The circuitry for the second
engine behaves similarly to the circuitry for engine No. 1, gating pulses to the
counter for the duration of the second engine firing with an extra burst of
pulses being sent during the beginning of the engine firing to compensate for the
transient flow during engine starting.

The pulses that reach the counter from the four gates associated with
engines No. 1 and 2 eventually cause the count to reach the preset maximum count
of the counter. When this maximum count is reached, the counter is reset to zero
and an output pulse is sent to the display. The display is a magnetically actu-
ated counter which indicates the quantity of propellant remaining in the propulsion
system tanks. Its indication is decreased by one unit in the least significant
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bit each time it receives a pulse indicating the electronic counter has counted
to its maximum value and has been reset. The system concept has the flexibility
of providing telemetry signals or inputs to an on-board computer without major
changes.

Engine

The analysis and calibration of the PQGS has been based on its use in a
system with Marquardt's model R-1E engine. This engine is a radiation cooled
bipropellant engine rated at 22 pounds of thrust. Basically the engine consists
of a stainless steel injector head with a single doublet injector, two coaxial
solenoid injector valves and a molybdenum combustion chamber and nozzle.

Extensive development and qualification of the engine have been completed
on the MOL program and the performance and characteristics of the engine are
well documented over a wide range of operation and environmental conditions. The
R-1E engine was in the process of a design iteration for use on the Orbital
Workshop, Figure 4 when the engine program was terminated due to the change from
"wet" to "dry'" concept for the workshop.

Error Analysis

The accuracy with which the propellant gaging system predicts the propellant
remaining in an auxiliary propulsion system is dependent upon the flow character-
istics of the engines in the system. Factors considered in predicting the over all
mission accuracy are:

Engine to engine repeatability

Engine duty cycle
Engine pulse width
Engine off time (pulse frequency)

Engine operating ranges
Engine solenoid valve voltages
Propellant temperatures
Propellant inlet pressures

Propellant system dynamics
System configuration and location of components
Multiple engine operation

Propellant quantity gaging system accuracy
Operating voltage sensitivity
Operating temperature .sensitivity
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Engine to Engine Repeatability

An important consideration in engine to engine repeatability is the cali-
bration conducted during engine acceptance tests. These calibrations establish
the ultimate thrust level and mixture ratio (0/F) of the engine at nominal con-
ditions of inlet pressure, propellant temperature and solenoid valve voltage.
Since the R-1E engine has not been produced in large quantities, no large data
sample is available for the engine. However, results of production tests of
Marquardt's 100 1b thrust bipropellant R-4D engine indicates that engine to
engine propellant flow rate repeatability of + 1.2% (3 sigma) can be achieved.
This data has been used in predicting the mission accuracy.

Flow Variations at Standard Operating Conditiomns

At a specific set of operating conditions of propellant inlet pressure,
propellant temperature and solenoid valve voltage, the valve opening time, valve
closing time and the variations in propellant valve AP as chamber pressure is being
established become more significant as the pulse width is decreased. A plot of
effective flow rate versus pulse width is shown in Figure 5. Effective flow rate
is defined as the quantity of propellant used per pulse divided by the pulse
electrical on time. This parameter emphasizes the effect on propellant consumption
of conducting a mission at a particular pulse width., The decrease in effective
flow rate at short pulse widths is the result of two conditions, First, the flow
rate during the engine start is higher than the normal steady state flow rate due
to the larger pressure drop AP that exists across the valve prior to the establish-
ment of the combustion chamber pressure. The second more predominant effect is
that the valve opening time, at nominal voltage, is longer than the valve closing
time thus the total time the valve is open is shorter than the electrical pulse
width, The effects of pulse width is adequately compensated for in the PQGS by
the sensing of solenoid valve magnetic field buildup, and by the one shot feature
that compensates for the start up transient.

Another factor contributing to the quantity of propellant used at short

pulse widths is the duty cycle, As the off time between pulses becomes short the
succeeding pulses are influenced by the pulse tail off characteristics and the
system dynamic propellant pressures. The effects of off time between pulses is
shown for the R-1E engine in Figure 6 for a pulse of sixteen milliseconds on time.
In the duty cycle considered for the Orbital Workshop (minimum pulse on time 0,065
sec, maximum pulse rate 10 cps; i.e., minimum off time =0.035 seconds) the éffects
on effective flow rate due to duty cycle are smaller than indicated on Figure 6.

Solenoid Valve Characteristics

The engine solenoid valve. characteristics that influence propellant flow are
primarily the changes in valve open and valve closing time due to changes in
solenoid valve voltage, valve temperature and valve inlet pressure. Propellant
temperature and inlet pressure also influence flow directly because of changes in
propellant density and pressure drop.

10
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The effect of valve voltage on valve open time is readily seen from Figure 7
which shows solenoid valve current as a function of extremes in temperature and
voltage. The time at which the valve starts to open is indicated at the initial
inflection point in the curve and the time at which the valve is full open is the
point at which the current starts to rise again. Table I shows the effective
decrease in pulse width (difference between the eleckrical pulse width and time
the valve is full open) as a function of solenoid valve voltage.

TABLE I

EFFECTIVE PULSE WIDTH DECREASE

OPENING CLOSING EFFECTIVE
TIME TIME DECREASE
VOLTAGE (MILLISEC) (MILLISEC) (MILLISEC)
21 10.0 4.9 -5.1
25 8.1 5.1 -3.0
29 6.8 5.2 -1.6

Since the Hall effect sensor in the PQGS recognizes the buildup of magnetic
flux when the valve is energized,the PQGS receives a signal proportional to the
time the valve is actually open. Thus, the PQGS compensates for the changes in
valve open time that occur because of the changes in solenoid valve voltage.
Figure 8 shows influence coefficient data for the R-1E engine flow during a 16.5
millisecond pulse over a range of operating voltages. An estimate of the effects
of minimum and maximum valve voltage on effective flow rate is shown in Figure 9
as a function of engine electrical on time. It can be seen that valve wvoltages
have little effect on the effective flow rate for pulse widths longer than 05500
seconds.

Flow Variations Due to Changes in Inlet Pressure

A variation in engine flow with inlet presaure is expected due to the change
in the AP across the solenoid valve. Presently, the PQGS does not sense or recog-
nize changes in propellant pressure, During R-1lE engine tests on other engine
programs the influence coefficients for independent changes in fuel and oxidizer
pressure were determined. These are shown in Figures 10 and 11. The results of
these data have been considered in the over all mission accuracy analysis.

Variations in Flow Due to Changes in Propellant Temperature

Changes in flow with propellant temperature have been well documented for
the R-1E engine. These are shown in the influence coefficient data shown in
Figures 12 and 13 for steady state operation. The anticipated influence of an
increase in propellant temperature is for flow rate to decrease because of the
decrease in propellant density. For the R-1E engine, engine flow rate is also
influenced by the decrease in engine performance at high propellant temperatures
(increase at low temperatures). This change in combustion chamber pressure re~
sults in a significant change in the pressure drop across the engine solenoid
valves. Variation in flow per pulse due to temperature in the operating range is
shown in Figures 14 and 15, The variations in the propellant temperatures were
considered independently in the influence coefficient test program in order to
account for possible differences in propellant tank temperatures,

13
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Variation in Mixture Ratio

During the course of a mission, variations in propellant mixture ratio will
occur due to:

Engine duty cycle
Variations in propellant pressure
Variation in system temperature

The variation in mixture ratio for the R-1E engine due to changes in engine on
time is shown in Figure 16. A knowledge of the mission in terms of per cent to be
performed at various pulse widths permits a calculation of the over all mission
mixture ratio and allows the tankage to be loaded to the optimum mission mixture
ratio,

PQGS Error Sources

The digital circuitry used to build the PQGS is designed to minimize its
contribution to system error. The two error sources which have been analyzed
were the effects of PQGS temperature on the counting rate and on the gating
thresholds of the valve operation detectors. The PQGS counting. rate is determined
by a 100 KHz crystal oscillator. The crystal used in this oscillator has a
temperature coefficient of 0.0003% per °F so that for a range of temperature of
+ 50°F the PQGS calibration should be within + 0.002% of its mominal value. Vari-
ations in temperature of the Hall effect sensors used to detect propellant valve
operation can cause a shift in the valve operation detection flux level of 0.11%
per °F, The valve temperatures can vary over the range from 20 to 125°F corres-
ponding to a shift in the threshold flux of + 12%. Since the flux buildup time is
in the order of 8 milliseconds the temperature effect corresponds to approximately
one millisecond in counting time. For the minimum pulse width of 65 milliseconds
this is equivalent to 1.5%. '

System Errors

The results of the error analysis are presented in Table II, which shows the
environmental range considered and the resulting variations in system accuracy
associated with these variations. In general, the PQGS is calibrated to provide
no systematic errors at either the 65 millisecond pulse width or for steady state
operation. Because of uncertainties associated with this calibration on a given
mission, a systematic error as large as 1.2% may exist because of instrumentation
errors and uncertainty about the average performance of the thrustors being used.
In addition to this systematic error the PQGS output may differ from the true
amount of propellant consumed by an amount which depends on the pressures, temper-
atures, and valve supply voltages encountered during the mission.
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TABLE II

ERROR SOURCES
Source 30 Error antrihution
Loading Accuracy +0.5%
Engine-to-Engine Repeatability +2,0%
Steady State
Oxidizer Supply Temperature 20-125°F +0.72%/-0.96% .
Fuel Supply Temperature 20-125°F +1.89%/-2.52%
Oxidizer Supply Pressure 210-218 psia +1.01%.
Fuel Supply Pressure 210-218 psia +0.42%
Pulsing (65 ms EPW)
Oxidizer Supply Temperature +.09%/-.12%
Fuel Supply Temperature +1.62%/-1. 22%
Oxidizer Supply Pressure +.58%
Fuel Supply Pressure "40,54%
Valve 'Voltage 20-30 VDC +2.54%/-3.80% (1

Simulated Mission Analysis

A Monte Carlo analysis was used to determine the actual 3 sigma limits of the
system accuracy. The analysis was accomplished using the IBM 360/50 computer and
the 360/50 system subroutine RANDU which computes uniformly distributed random
real numbers between 0 and 1. The method of computation of the random numbers is
the power residue method,

Each variable in the analysis was assumed to follow a normal distribution.
A series of missions was simulated to _determine the distribution of the quantity
gaging system accuracy.

The effect of pressure, temperature and valve voltage on engine propellant
consumption were reduced from data taken during Influence Coefficient testing of
the Marquardt Model R~1E engine.

Table III below summarizes the effect of pressure, temperature and valve
voltage on propellant consumption during pulsing and steady state operation. The
variability of 65 millisecond consumption was estimated from 0.0165 millisecond
pulse width influence coefficient data by adjusting for the longer pulse width.

(1) The error contribution due to voltage as determined from influence coefficient
data provides a conservative mission error analysis. The PQGS counting time

is also influenced by voltage of the engine solenoid valve in a compensating
manner, ,
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TABLE IIT

INFLUENCE COEFFICIENTS

PARAMETER % A wto;
. Aparametor
STEADY STATE
Oxidizer Supply Temperature + 016%/°F
Fuel Supply Temperature . 042%/°F
Oxidizer Supply Pressure - +252%/psi
Fuel Supply Pressure .106%/psi -

PULSING (65 ms pulse)

Oxidizer Supply Temperature .002%({ °F

Fuel Supply Temperature - 027%( °F
Oxidizer Supply Pressure .146%/psi

Fuel Supply Pressure 134%/psi,
Valve Voltage .634%/vpo (1)

The results of the Monte Carlo analysis are shown in Table IV below, which gives

60 of the 100 values of PQGS accuracy at a point near the end of the simulated
mission.

TABLE IV

PROPELLANT QUANTITY GAGING SYSTEM MISSION ACCURACY ANALYSIS - 100 MISSIONS (%)

-0.24575 0.19516 0.07334 -1.67281 -1.06332 »0.62123
-0.17517 -0.44299 0.10887 ~0,30509 1.07849 -0.24182
0.19463 -0.03456 -0.62505 ~0.77564 -0.05210 1.38696
-0.33940 0.40721 -0.52135 0.75836 -0.86134 -0.59051
0.07266 0.42983 -0.06498 -0.02203 0.24305 -1.18523
0.37067 0.07618 0.38636 0.20837 0.03749 0.21111
0.08386 -0.13894 0.65675 0.15129 0.60741 -0.02131
0.06829 0.99186 -0.59324 0.57741 -1.03772 -0.66150
0.36664 -0.37399 -0.19626 -0.82838 0.36427 -0.39860
0.30318 -1.10664 0.64062 0.41198 0.04214 0.16926

A sample calculation for an individual run is shown in Figure 17 below.

(1) The error contribution due to voltage as determined from influence coefficient
data provides a conservative mission error amalysis. The PQGS counting time

is also influenced by voltage of the engine solenoid valve in a compensating
manner.
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The system errors from the Monte Carlo analysis were plotted on probability paper
in Figure 18, and the 3 sigma limits were determined based on a normal distribution.
The 3 sigma value for the PQGS accuracy is + 1.9%.

PROPELLANT QUANTITY GAGING SYSTEM BREADBOARD

The breadboard version of the PQGS was designed to bridge the gap between
the work conducted on an in-house development program and the prototype flight
weight PQGS system. This unit incorporated major changes from the conceptual
stage to insure reproducibility and reliable performance. The breadboard PQGS
also used features and techniques contemplated for the flight weight system and
was used to establish calibration procedures, verify accuracies and evaluate the
performance of individual circuit components. Except for purchased components and
the printed circuit cards all fabrication and assembly of the PQGS was conducted
at Marquardt.

Circuit Design Considerations
Preliminary design criteria were generated to describe specific requirements
of each circuit and of each component in the circuits in order to assure their
satisfactory performance to the design requirements.

The major areas studied were:

Hall effect excitation current versus amplifier gain
Hall effect offset, amplifier offset and thermal drift

Transformer, rectifier, regulator and voltage levels required
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Inverter frequency and waveform

Component ratings, reliability, availability

Temperature coefficients and thermal management

Clock frequency, divider capability

Printed circuit card layout, assembly and interfacing
Construction of sensors to interface with Orbital Workghop engine
Layout and construction of sensor and display modules

Selection of memory and display

Breadboard Components

The PQGS is divided into three sections: the sensors to be mounted on an
engine, the sensor module to be mounted in a central location in an engine clus-
ter and the display module to be mounted in the spacecraft cockpit. .The sensor
and display modules of the breadboard system were not packaged in order to permit
easy access during checkout and testing. The sensors contain no electronics
other than the Hall Effect Device because of a possibility of a severe engine
environment and the necessity of having an extremely small package to mount on
an engine valve.

The majority of electronics are contained in the sensor module and serve
to convert the low level sensor signals to higher level signals and to convert and
compute the signals to a digital form suitable to drive the display. The sensor
module contains three circuit cards and a power distribution transformer. One
circuit card amplifies the sensor output signal, converts the amplified signal to
a digital format and supplies the sensors with a filtered constant current. The
other two cards provide the digital functions (clock, channel multiplexing,
dynamic compensation, static flow conversion) and voltage regulation. The trans-
former is required in order to conserve power by distributing power to three low
power busses that vary in voltage and current requirements. The sensor module of
the breadboard system is shown in Figure 19.

The display module accepts signals in a serial format from the sensor
module, and provides the readout and memory functions while also supplying the
regulated a-c voltages needed to drive multi-level power circuits in the sensor
module,

The display module contains an electromagnetic counter to perform both
functions of a display readout and a non-volatile, non-destructive memory. 1In
addition, a display readout driver, regulated inverter line transient surge
suppressor and input voltage polarity protector are included.

Breadboard Checkout Tests

One of the modifications made to the breadboard circuits, from the circuits
of the original PQGS concept, was a change in the integrated circuits from the
dual in-line pin type to the flat pack type. This approach appeared advantageous
from the standpoint of component availability and lower power consumption in the
digital circuitry. The power supply buss existed for the digital integrated
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circuits so a type 518 linear integrated circuit was chosen to simplify power
requirements. It appeared that the type 518 would have sufficient gain and was
preferable to the higher voltage type 709 linear integrated circuit. This

proved to be a poor choice since there was insufficient amplification to perform
the combination amplifier -~ Schmidt trigger function with one integrated circuit.
As a result the amplifier - Schmidt trigger functions were separated and an
additional stage of the type 518 linear integrated circuit was added. This change
resulted in an excellent operating circuit but requires more power than if the
circuits had been changed to use the type 709 integrated circuit.

A second modification was made to the breadboard PQGS when the verification
of circuit voltages, during checkout tests, indicated that the voltage drop of
the diodes in the excitation supply was higher than estimated. This required
additional turns to be added to the supply transformer winding.

Breadboard Bench Tests

The tests to evaluate performance of the breadboard PQGS were conducted
with the three sensors mounted on a propellant solenoid valve similar to that
used on the Marquardt 22 1b thrust bipropellant engine. These tests were -con-
ducted with the entire breadboard and valve placed in a Missimer test chamber as
shown in Figure 20. The test chamber permitted variations in temperature from
20° to 130°F. To simulate spacecraft power supplies the supply voltage to the
propellant quantity gaging system was varied independently of the solenoid valve
voltage. The voltage to the PQGS was varied between 24 and 32 V d-c and the
valve voltage was varied between 21 and 28 V d-c. Valve electrical pulse widths
between 65 milliseconds and steady state conditions were investigated.

The initial thermal bench tests indicated an error at the low temperature,
20°F, condition. Analysis of the data and PQGS circuits indicated that the error
was due to the unregulated voltage supplied to the Hall effect sensors. A regula-
tor was added in the module before the inverter to hold the sensor excitation
constant,

Bench tests of the PQGS were designed to investigate the voltage, tempera-
ture and pulse width ranges expected for an engine solenoid valve operating on an
engine. Since flow transients that occur in engine operation are difficult to
simulate in bench testing the following technique was used to verify the PQGS
accuracy.

An average PQGS count per second was obtained from the steady state operation
of the solenoid valve at high and low voltages and at each of the temperature
conditions. As seen from Table V there was no significant deviation from this
average for steady state operation at any of the temperature or voltage conditions.

At short pulse widths the time during which the PQGS counts is a function of
the amplified Hall effect sensor output characteristic and the level of the Schmidt
trigger, Figure 21. 1In addition, the one shot generator augments the counting
time by its predetermined setting.
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As seen previously in Table I, the solenoid valve on time is shorter than
the electrical pulse width because of the difference in opening and closing times
and this difference is a function of valve voltage.

For the valve tested, the counting time at 21 volts was l0milliseconds less
than the electrical on time. With one millisecond obtained from the one shot
generator, the PQGS counting time differed from the valve electrical off time by
9 milliseconds, Similarly, at 29 volts this difference was 5 milliseconds.

These time differences were subtracted, for each pulse in the series, from
the digital counter net time, in Table V to obtain the counts per second for
each pulse run comparable to the average steady state value.

Although not truly representative of the errors to be expected in engine
operation because of flow dynamics when chamber pressure is being established,
the test showed that the compensation for valve start and stop dynamic remains
essentially constant over the temperature ranges. Compensation for the engine
flow dynamics is made by adjustment of the one shot generator.

FLIGHT WEIGHT PROPELLANT QUANTITY GAGING SYSTEM

The electronic sections of the flight weight propellant gaging system are
the same as the final configuration generated during the breadboard system evalu-
ation tests. Minor modifications made were the inclusion of internal noise
suppression to the sensor module and resizing of the Hall effect sensor to
better fit the engine solenoid valve. -A block diagram and electrical schematic
of the flight weight system are shown in Figures 22 and 23.

Fabrication

Packaging of the circuit boards and components of the flight weight system
presented no major difficulties and resulted in the system as shown in Figure 1.
Photos of the individual circuit board and internal views of the sensor and
display modules are shown in Figure 24 through 28.

Some difficulty was encountered in potting the sensors without damage to the
Hall effect crystal (whifte rectangular area on the face of the sensor as shown in
Figure 1). A four step potting procedure was devised that required additional
curing time but resulted in an excellent sensor that has shown to be extremely
durable,

Checkout and Calibration

A checkout test was conducted on the assembled unit to determine correctness
and operation of each of the individual circuits and to calibrate the PQGS to the
characteristics of the engine to be used in the engine firing evaluation test.
The Schmidt trigger of the PQGS was set so that the unit would start counting
when the output of the sensor amplifier reached 450 millivolts. The one shot
generators for the three sensor channels were each set to five milliseconds.

This time was derived from the test engine valve opening and closing times, the
time from valve electrical on until the Schmidt trigger started the PQGS count,
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the time from when the valve was de-energized until the PQGS stopped counting and
an estimated correction factor to account for the higher engine flow experienced

during the engine starting transients.

The counting rate for the PQGS was estah-

lished from the engine steady state flow rate of 0,0791 pounds per seconds at nomi-

nal operating conditions.

This flow was used to set the PQGS divider so that the

display was reduced by 0.1 pound for each 1.26 seconds of engine operation.

The flight weight propellant system has the following characteristics:

General, -~

Characteristics

Maximum propellant reading

Minimum resolution

Thrustors to be measured

999.9 pounds of propellant

0.1 pound of propellant
3 - 22 1b thrust Model R~1E thrustors

The propellant quantity gaging system has been calibrated for a Marquardt
22 1b thrust R-1E engine (P/N 229045, S/N 0008) having the following
characteristics at a nominal inlet pressure of 198 psia.

Vacuum Thrust
Specific Impulse

Steady State Flow Rate
Steady State Mixture Ratio (O/F) 1,72

Electrival,--

Input voltage

Standby current
Peak current
Input power
Lamp No. 327

21.5 pounds
272 seconds
0.0791 pounds/seconds

24 to 32 volts d-c reverse polarity protected .
Pin A+, Pin B -, Pin C case ground

250 ma.
550 ma,

200 ma, 25 V d-c, 5 watts (without lamp)

The electrical supply is floating relative to the case ground. The
sensor and display modules are electrically interlocked to protect
the inverter from non-loaded conditions. '

Interconnect cable voltages

Mechanical.--~

Sensors and Plug
Sensor Module
Display Module

Weight

0.3 #
1.1 #
1.0 #

Power: 55 volts peak to peak at 5 KHz

Signal: 4 volts positive going 45 ms

duration

Shield: Common with cases only

Dimensions Excluding Connectors

Width Length Height Vol.
3 ft 1.6 in>

3.5" 4,0" 1.7" 23.8 in3

3.5" 3.0" 2.0"  21.0 in3
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ENGINE TEST EVALUATION

The engine test evaluation of the flight weight propellant quantity gaging
systém was conducted in the Marquardt precision rocket laboratory, Figure 29,
to evaluate the performance of the PQGS. Conditions evaluated during the testing
included: o T T ST I

Effects of engine on time from pulse widths of 0.065 seconds to steady
state runs of 10 seconds duration.

Effects of engine off time up to a pulse frequency of 12 cycles per
second at the minimum pulse width of 0.065 sec.

Effects of engine solenoid valve voltage from 21 V d-c to 32 V d-c

Effects of engine propellant temperature from 20 to 125°F.

Test Engine

The engine used in the PQGS evaluation tests was a 22 1b thrust model R-1E
engine P/N 229045, S/N 0008. This engine is the final configuration developed
during the Manned Orbiting Laboratory (MOL) program at Marquardt and had been
subjected to MOL qualification tests. The engine had been calibrated during
acceptance tests to the following requirements.

TABLE VI

TEST DATA PARAMETERS

PARAMETER TEST SPECIFICATION ACCEPTANCE
REQUIREMENT TEST DATA
Steady State Thrust (vac) 21.0 to 22.0 1b 21,50 1b
Isp > 245 sec 274.6 sec
O/F Ratio 1.65 - 1.75 1.723

B

Pulsing (Pulse Width 0.0165 sec)

Average Total Impulse - 0,237 - 0.309 1b sec 0.275 1b sec
Isp ’ > 201 sec 221.3 sec

0/F Ratio 1.43 - 1.82 1.817
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Figure 29
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Test Facility

The engine tests were conducted with the engine installed in Pad E of
Marquardt's precision rocket laboratory. Propellants used were monomethylhydra-
zine and nitrogen tetroxide pressurized with helium to the nominal engine opera-
ting pressures of 198 psia. Manifolds supplying propellants to the engine were
temperature conditioned so that temperature of the propellants could be maintained
up to the engine solenoid inlets., A schematic of the test plumbing used to supply
propellants to the engine is shown in Figure 30. The engine was oriented to fire
vertically down. Pad E has been used extensively in the development, acceptance
and qualification testing of the 22 1b thrust R-1E engine.

Instrumentation

The primary instrumentation during the PQGS evaluation tests was measurement
of engine flow. To obtain an accurate measure of pulse flow, Pad E utilizes a
sight tube system that records the level of propellant in a vertical tube before
and after a pulse run. Calibrations of the sight tube system have demonstrated
a 3 sigma accuracy of 0.7% for the MMH section and 1.4% for the nitrogen tetroxide
section.

The fixed capacity of the sight tube system limited each run to approximately
10 seconds of total run time. Runs in the test matrix were based on this propel-
lant capacity and extended pulse series were obtained by reloading the sight tube
system and conducting additional runs. Propellant inlet pressures were established
at the nominal operating pressure for the engine, 198 psia, and maintained during
the entire test.

One Hall effect sensing element of the PQGS was mounted on each of the engine
solenoid valves as shown in Figure 31, Although only one sensor per engine is
required in normal PQGS operation the use of two sensors permitted the evaluation
of two of the PQGS channels during the test. This operation simulated two
engines firing to the same duty cycle. The calibration of the PQGS had been
conducted during bench testing and was based on the engine flow rate documentation
obtained during the engine acceptance tests.

Test Results

A resume of the conditions tested and of the propellant used is shown in
Table VII. Since there are two sensors mounted on the engine, the quantity of
propellant used as indicated by the PQGS was twice as much as actually used by
the engine. The PQGS flow indication was divided by two in order to compare to
the actual flow and determine the system errors.

The least count of the PQGS is 0.1 1b of propellant. For the 22 1b thrust
engine this corresponds to approximately 1,2 seconds of steady state engine oper-
ation. The engine run time was limited by the range of the flow meter so that to
get a representative sample of operation at each condition, a total of four runs
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were made at each condition. The individual runs are tabulated on Table VIII.

Two runs were aborted during the test. Run number 3066 was terminated with only
0.123 seconds of engine operation and no change was observed in the PQGS readlng
The engine on time corresponds to approximately 0.01 1b of propellant flow "and no
correction was made to the data in eliminating this run. During run 3071 the

run was completed; however, because of procedural error the actual engine flow was
not obtained. This run was eliminated from the data by subtracting the delta
recorded on the PQGS during the run.

The two conditions that appear to produce the largest error are:

Miﬁimum pulse width with short (0.020 seconds) off time between pulses
(runs 3083 through 3086)

Minimum pulse width at low propellant temperature (runs 3107 - 3110)

For both of these conditions the PQGS indicated flow approximately 3% higher
than the actual flow. Additional tests at these conditions should be made to
substantiate the actual magnitude of the error since the least count of the PQGS
is significant in determining the error.

Figure 32 shows the cumulative results of running a mission composed of the
twelve conditions of the test matrix. The propellant used as indicated by the
PQGS is within 1% of the actual at any time during the mission and for the entire
testing the PQGS is within 0.4% of the measured flow.

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1. Engine propellant consumption can be measured without breaching the propel-
lant or electrical circuits of a propulsion system by sensing the magnetic
flux generated when the engine solenoid valves are energized.

2. Within the operating ranges considered, the R-1E bipropellant rocket engine
flow characteristics are predictable and repeatable for use in gaging
propellant consumption of an auxiliary propulsion system,

3. Accuracy of the gaging system has been demonstrated to be within the design
goal of 37 for operation over engine valve voltage, environmental tempera-
ture and duty cycle operating conditions typical of an Orbital Workshop

mission.
o
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Recommendations

Several areas of technical expansion are possible for the PQGS. The accuracy
demonstrated during the program is well within the goal established, even though
no specific compensation exists for variations in engine propellant temperature
or pressure, The engine test program at high and low temperatures indicates
systematic errors that may be significant if the majority of a mission were to be
conducted at a temperature extreme. Compensation for propellant temperature can
be accomplished in the PQGS circuitry using sensing devices that do not breach
the propellant system. Since the propellant flow characteristics of the engine
are influenced by the variations in engine performance with temperature as well
as changes in propellant density the temperature compensation feature must be re-
lated to the particular engine used with the PQGS.

The accuracy of the PQGS has been analyzed based on propellant pressures
within the operating range of 210 to 218 psia. The accuracy of the system could
be further improved by providing compensation for changes in propellant pressure.
This would also provide accurate propellant usage data for engine operation beyond
the operating range and for off design operation.

The Hall effect sensor in the PQGS has the inherent potential for recognizing
several types of system malfunction including:

Failure of the engine valve to open when supplied with an electrical
signal

Failure of the engine valve to close when electrical signal is
terminated.

The buildup of the magnetic field is dependent on whether the valve armature
does or does not move. This feature could be utilized to indicate the two modes
of malfunction indicated above.

In summary the following areas appear worthy of further investigation:

1. Development of the PQGS to improve accuracy by investigating the
techniques for propellant temperature and pressure compensation.

2. The detection of solenoid valve malfunction via the use of the Hall

sensor be investigated to provide a reliable method of detecting the
position and malfunction modes of solenoid devices.
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